collaterals (grade 3-4) were more frequently observed in statin users (11 patients, 50%) than in statin-naïve patients (21 patients, 27.6%; p = 0.049). The use of atorvastatin 10 mg equivalent or higher doses of statin was associated with excellent collaterals (p for trend = 0.025). In multiple regression analysis, prestroke statin use was independently associated with excellent collaterals (odds ratio, 7.841; 95% confidence interval, CI, 1.96-31.363; p = 0.004). Conclusions: Premorbid use of statin in AF patients is associated with excellent collateral flow. Although most statin trials excluded patients with cardioembolic stroke, our data suggests the possibility that statin may be beneficial in AF-related stroke.
Introduction
Statin is a hydroxymethyl glutaryl coenzyme A reductase inhibitor, which has pleiotropic effects on atherosclerotic plaque stabilization [1, 2] . In the current guideline, intensive lipid lowering with statin therapy is strongly recommended to reduce risk of stroke among patients with ischemic stroke or transient ischemic attack who have evidence of atherosclerosis [3] . In addition to reduced stroke recurrence, there is increasing evidence that poststroke statin use is also associated with favorable stroke phenotype and improved neurological outcome [4] [5] [6] . However, whether statin has a role in nonatherosclerotic stroke, such as atrial fibrillation (AF)-related stroke, is unknown because most clinical trials including the Stroke Prevention by Aggressive Reduction in Cholesterol Levels trial excluded patients with AF or other sources of cardiac embolism [7] .
In patients with acute ischemic stroke, both antegrade flow and retrograde collateral flow maintain cerebral perfusion within the ischemic regions. We recently reported that the angiographic collateral grade determines the recanalization rate, hemorrhagic transformation and infarct growth after revascularization therapy [8] [9] [10] . The degree of recanalization depends on the pretreatment collateral circulation; patients with poor collateral flow displayed a low recanalization rate regardless of the mode of revascularization therapy or the site of the occlusion [9] . Poor collaterals are also associated with symptomatic hemorrhagic transformation and subsequent clinical deterioration after revascularization therapy [10] . Moreover, a serial diffusion-weighted imaging (DWI) study revealed infarct growth despite successful revascularization therapy if patients had poor collaterals [8] .
Statin has been reported to enhance collateral flow in patients with acute ischemic heart disease and stroke [11, 12] . In this study, we investigated the association of statin with pretreatment collateral status in AF-related stroke. We compared the angiographic collateral flow between statin users and statin-naïve patients. In addition, we analyzed factors associated with pretreatment collateral status in AF-related stroke.
Methods
We retrospectively analyzed demographic, clinical, laboratory and radiographic data that were prospectively collected on consecutive patients who received endovascular therapy (intra-arterial thrombolytic therapy or mechanical therapy such as guidewire manipulation or a mechanical thrombectomy device) for acute cerebral ischemia. This study analyzed consecutive patients encountered at two university hospital stroke centers: UCLA Medical Center from May 2002 through July 2007, and Samsung Medical Center from July 2005 through July 2012. Inclusion criteria were: (1) symptoms of acute cerebral ischemia within 8 h of symptom onset, (2) acute ischemic lesions within the middle cerebral artery (MCA) territory on DWI, (3) conventional angiography performed for endovascular therapy, (4) M1 or proximal M2 occlusion documented by angiography, (5) availability of information about prestroke statin use, and (6) their stroke mechanism was classified as AF-related. Stroke classification was primarily based on the revised TOAST classification [13] . We defined AF-related stroke when the patients had nonvalvular AF but no other demonstrable etiologies. The type and dose of statin were recorded at the time of admission, and doses of statin were converted to an atorvastatin equivalent on the basis of estimates of their low-density lipoprotein-lowering potency [14] . Statin doses were categorized as atorvastatin 10 mg equivalent or higher, and lower doses. All patients gave written informed consent, and the relevant institutional review boards approved this study.
All patients underwent comprehensive diagnostic cerebral angiography including injection of both internal carotid arteries and the dominant vertebral artery, with image acquisition into the late venous phase to assess collateral circulation from all possible sources. The angiographic collateral grade was evaluated according to the American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology Collateral Flow Grading System on baseline angiography [15] . This angiographic scale assigns patients to grade 0 (no collaterals visible to the ischemic site), 1 (slow collaterals to the periphery of the ischemic site with persistence of some of the defect), 2 (rapid collaterals to the periphery of ischemic site with persistence of some of the defect and to only a portion of the ischemic territory), 3 (collaterals with slow but complete angiographic blood flow of the ischemic bed by the late venous phase) and 4 (complete and rapid collateral blood flow to the vascular bed in the entire ischemic territory by retrograde perfusion). Two reviewers blinded to the patient information independently assessed the collateral grade. The κ-coefficient for interobserver agreement was 0.821. The opinion from a neuroradiologist was sought to resolve disagreements. Grade 3-4 was defined as excellent collaterals.
All patients underwent routine blood tests, electrocardiography, cardiac telemetry for at least 24 h, and echocardiography. Hemostatic markers of arterial prothrombotic tendency, including antiphospholipid antibodies, were measured in patients younger than 50 years of age or with stroke the cause of which was undefined after initial workup. All patients underwent magnetic resonance imaging, including DWI, if not contraindicated.
We analyzed the differences between the groups using the Pearson χ 2 test or linear-by-linear association for categorical variables, and the Student t test or Mann-Whitney U test for continuous variables. The Spearman correlation coefficient was used to analyze the association of collateral grade with the time interval between symptom onset and conventional angiography. In addition, independent factors for excellent collateral flow were evaluated using logistic regression. Significant variables from univariate analyses (p < 0.2) were considered to represent explanatory variables and were entered in subsequent multivariate analyses. All statistical analyses were performed using SPSS for Windows, version 13.0 (SPSS, Chicago, Ill., USA). A p value <0.05 was considered statistically significant.
Results
Of 776 patients with acute MCA infarctions on DWI, 98 (55 South Koreans and 43 southern Californians) were finally included in this study ( fig. 1 ). Twenty-two patients were taking statin prior to the onset of stroke (atorvastatin 10 mg equivalent or higher, n = 14; lower dose statin, n = 8). The median time interval from symptom onset to angiography was 247.0 min (interquartile range, 193.0-334.5 min).
Patients' baseline characteristics are listed in table 1 . Compared with statin-naïve patients, statin users were older (p = 0.031) and more frequently had hypertension, hyperlipidemia and coronary heart disease (p = 0.032, p < 0.001 and p = 0.039, respectively). Statin users also showed lower levels of low-density lipoprotein-cholesterol and triglyceride than statin-naïve patients (p < 0.001 and p = 0.004, respectively). Excellent collaterals (grade 3-4) were more frequently observed in statin users (11 patients, 50%) than in statin-naïve patients (21 patients, 27.6%; p = 0.049). Moreover, the use of atorvastatin 10 mg equivalent or a higher dose was associated with excellent collaterals (p for trend = 0.025; fig. 2 ).
Logistic regression analysis was performed to further evaluate independent predictors for excellent collaterals ( table 2 ) . After adjusting for all the variables that showed a possible association (p < 0.2) in univariate analysis, only prestroke statin use (odds ratio, 7.841; 95% confidence interval, CI, 1.96-31.363; p = 0.004) was independently associated with excellent collateral flows.
In statin users, excellent collateral flow was more frequently observed when conventional angiography was performed at a later time point after symptom onset (r = 0.491; 95% CI, 0.08-0.741; p = 0.028; fig. 3 a) . In contrast, no such correlation was observed in statin-naïve patients (r = 0.209; 95% CI, 0.003-0.398; p = 0.089; fig. 3 b) . Although the difference did not reach statistical significance, there was a trend for a positive correlation in the statin users.
Discussion
The principal finding of this study is that prestroke use of statin is associated with excellent collateral flow in AF-related stroke. This result is in line with our previous findings that statin use is associated with better collateralization during acute stroke [11] . In the present study, however, we focused on AF-related stroke to assess poststroke collateral status after abrupt MCA occlusion. Statistically significant p values are highlighted in italics. Values are represented as means ± SD, numbers with percentages in parentheses or medians with interquartile ranges in square brackets. ARB = Angiotensin II receptor blocker; ACE = angiotensin-converting enzyme; TFCA = transfemoral cerebral angiography; t-PA = tissue-type plasminogen activator; HDL = high-density lipoprotein; LDL = low-density lipoprotein.
Premorbid Statin Use Alone Determines Collateral Grade during Acute AF-Related Stroke
Collateral status in patients with AF-related stroke is usually poor because a large proximal artery is suddenly blocked by emboli and there is little time for collateral vessels to develop [16] . As a result, AF-related stroke is usually characterized by large cortical infarcts on DWI with severe perfusion defects on perfusion-weighted imaging [16] . Recanalization-oriented treatment is often limited and does not guarantee reperfusion [17] . The rate of bleeding after recanalization therapy is higher and the rate of recanalization is lower (large burden of clot) in AF-related stroke than in atherosclerotic stroke [18, 19] . Recent observational studies reported that the response to recanalizing therapy and its complication are largely affected by collateral status [10, 20] . The present study shows that the use of statin is associated with better collaterals in acute AF-related stroke.
The use of statin is associated with better outcome in atherosclerotic stroke [6, 21] , which might be attributable to various effects of statin that include reversal of endothelial dysfunction, augmentation in the nitric oxide-me- Statistically significant p values are highlighted in italics. Values are represented as means ± SD, numbers with percentages in parentheses or median with interquartile range in square brackets. 'Statin dose' was excluded in the multivariate model due to large numbers of missing values. OR = Odds ratio; CI = confidence interval; CHD = coronary heart disease; BP = blood pressure; ARB = angiotensin II receptor blocker; ACE = angiotensin-converting enzyme; HDL = high-density lipoprotein; LDL = low-density lipoprotein.
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Cerebrovasc Dis 2014;37:77-84 DOI: 10.1159/000356114 82 diated vasodilation, or plaque stabilization. However, clinical studies have shown inconsistent results concerning the correlation between premorbid statin use and collateral flow in patients with chronic coronary artery disease [12, 22] . In addition, an angiogenic effect of statin has not been proven in a chronic ischemia model [23] . Therefore, in atherosclerotic stroke, many factors other than statin medication may influence the vascular territory of the brain, which may include the degree and speed of atherosclerotic occlusion and the presence of stenotic lesions on collateral vessels.
Statin May Have Arteriogenesis-Promoting Potential Early after Stroke
Early preclinical studies have demonstrated that statin promotes angiogenesis by activating protein kinase Akt in a dose-dependent biphasic manner [24] [25] [26] . Recent preclinical and clinical observational studies showed that statin promotes new vessel formation via stem cell angiogenesis [25, 26] and increases circulating endothelial progenitor cells [27, 28] . In addition to angiogenesis/vasculogenesis, arteriogenesis (the growth of preexistent collateral arterioles into functional collateral arteries) is another form of vessel growth that requires a relatively short time to develop collateral formation and has more clinical relevance than angiogenesis/vasculogenesis [29] [30] [31] . Presently, good collaterals were evident in statin users within several hours after stroke onset, suggesting that statin may promote arteriogenesis. Prestroke statin use could also make existing collaterals more likely to be functional or prevent collateral failure in the setting of an abrupt vascular occlusion [32] . This finding is in line with a recent preclinical study that demonstrated that simvastatin promotes arteriogenesis after stroke [31] . A very recent perfusion-weighted imaging study that reported that prior use of statin is associated with good reperfusion might also support this finding [33] .
There have been limited data regarding acute statin use and rapid collateral formation. However, several animal studies revealed an acute effect of statin on the restoration of endothelial dysfunction and vascular relaxation [25, 34] . Specifically, Kureishi et al. [25] showed a dose-dependent increment of Akt phosphorylation after 15 min of statin use and nitric oxide release from aortic endothelial cells after 1 h of statin use. Jorge et al. [34] reported rapid reversal of endothelial dysfunction in hypercholesterolemic rabbits with 4 days of pravastatin treatment. Together, these findings might explain our finding that statin is associated with rapid collateral development.
This finding is further supported by clinical studies that reported that, as well as prestroke statin use, early introduction of statin immediately after stroke is also associated with a good outcome. Randomized clinical trials [5, 35] , large cohort studies [6, 21] and a metaanalysis [36] have linked statin use with reduced infarct size and more favorable outcome. However, insufficient data are available for patients with AF-related stroke. Two large ongoing clinical trials are evaluating the effects of statin therapy in acute ischemic stroke and will provide valuable information in the near future: the STARS07 (Stroke Treatment with Acute Reperfusion and Simvastatin) and the EUREKA (Effects of Very Early Use of Rosuvastatin in Preventing Recurrence of Isch- emic Stroke) trials. However, patients with cardioembolic stroke were excluded in the EUREKA trial, and there was a lack of concern of stroke subtypes in the STARS07 study. Further studies are needed to test whether statin therapy is safe and effective in case of acute AF-related stroke by evaluating collateral status (conventional angiography) or tissue perfusion (perfusion-weighted imaging).
Limitations and Conclusions
Our study has limitations and should be interpreted with caution. The number of included patients was relatively small. It is a nonrandomized observational study and recruited acute stroke patients only who had proximal MCA occlusion on angiography. In addition, infarct growth on brain imaging and clinical outcome were not analyzed because of the small number of patients and many variables that might affect outcomes (including recanalization status). Therefore, although we have previously shown the impact of collaterals on various prognostic parameters [8] [9] [10] , the present data do not clarify the impact of enhanced collaterals on clinical outcome after stroke in patients with AF-related stroke. Furthermore, information on the previous duration of statin therapy is not available in this study. Follow-up angiographies were not performed, which is another limitation in confirming long-term angiogenic effects of statin. Lastly, further studies are needed on the mechanisms of statin on arteriogenesis.
In summary, the premorbid use of statin in AF patients is associated with good collateral flow. Although most clinical trials have focused on the effects of statin against noncardioembolic stroke, our data raises the possibility that high-risk patients with AF for whom a statin is not indicated based on current guidelines might benefit from statin use. This hypothesis should be tested in a prospective trial. Further randomized trials to discern the effects of statins on cerebral arteriogenesis and collateral circulation in acute AF-related stroke are warranted. 
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